Sidibé A, Polena H, Razanajatovo J, Mannic T, Chaumontel N, Bama S, Maréchal I, Huber P, Gulino-Debrac D, Bouillet L, Vilgrain I. Dynamic phosphorylation of VE-cadherin Y685 throughout mouse estrous cycle in ovary and uterus. Am J Physiol Heart Circ Physiol 307: H448 -H454, 2014. First published May 23, 2014 doi:10.1152/ajpheart.00773.2013.-We previously reported that vascular endothelial growth factor induced vascular endothelial (VE)-cadherin tyrosine phosphorylation at Y685 in a Src-dependent manner in vitro. Here, we studied the occurrence of Y685 phosphorylation in vivo in the female reproductive tract because it is a unique model of physiological vascular remodeling dependent on vascular endothelial growth factor. We first developed and characterized an anti-phosphospecific antibody against the site Y685 of VE-cadherin to monitor VE-cadherin phosphorylation along the four phases of mouse estrous cycle, termed proestrus, estrus, metestrus, and diestrus. A dynamic profile of tyrosine phosphorylated proteins was observed in both uterus and ovary throughout mouse estrous cycle, including kinase Src, which was found highly active at the estrus phase. The extent of tyrosine phosphorylated VE-cadherin was low at proestrus but strongly increased at estrus and returned to baseline at metestrus and diestrus, suggesting a potent hormonal regulation of this specific process. Indeed, C57Bl/6 female mice treatment with pregnant mare serum gonadotropin and human chorionic gonadotropin confirmed a significant increase in phosphoY685-VE-cadherin compared with that in untreated mice. These results demonstrate that VE-cadherin tyrosine phosphorylation at Y685 is a physiological and hormonally regulated process in female reproductive organs. In addition, this process was concomitant with the early steps of vascular remodeling taking place at estrus stage, suggesting that phosphoY685-VE-cadherin is a biomarker of endothelial cell activation in vivo.
VE-cadherin phosphorylation in vivo; tyrosine kinase; angiogenesis; estrous cycle; vascular remodeling VASCULAR ENDOTHELIAL (VE)-cadherin is an adhesion molecule exclusively expressed at endothelial adherens junctions. Tyrosine phosphorylation of cadherin complex was described as a mechanism that controls adherens junction integrity (7) . Several in vitro studies have demonstrated the involvement of VE-cadherin phosphorylation in the increase of vascular permeability observed upon inflammatory mediator and growth factor challenges (9, 21) . Several in vivo studies including one from our laboratory have reported the occurrence of VEcadherin tyrosine phosphorylation in specifically induced or noninduced processes such as vascular permeability or shear stress (18, 19, 28) . The use of phosphomutants and phosphosite targeting antibodies allow the identifying of phosphorylated residues in VE-cadherin cytoplasmic domain during endothelial cell proliferation, leukocyte extravasation, and vascular permeability in vitro (2, 20, 24, 26) . Using an in vitro kinase assay, we previously demonstrated that the kinase Src exhibited a higher affinity for the site Y685 than for other tyrosine residues within the VE-cadherin cytoplasmic domain. Consistent with this, the LY 685 AQV sequence fits the YxxV/ I/L motif, which is a consensus site for phosphorylation by Src family kinases (26) . Moreover, we identified the site Y685 in endothelial cells upon vascular endothelial growth factor (VEGF) challenge (26) . Few studies have investigated VEcadherin tyrosine phosphorylation in vivo (18) , and the identity of the specific phosphorylated tyrosine residues remains unknown. Herein, we aimed to determine the occurrence of VE-cadherin tyrosine phosphorylation at site Y685 in vivo. To that purpose, we developed and characterized an anti-phosphoY685-VE-cadherin antibody and we used the mouse female reproductive tract as a model of physiological vascular remodeling because vascular outgrowth and regression are dependent on VEGF (11) .
MATERIALS AND METHODS
Reagents. Pregnant mare serum gonadotropin (PMSG) and human chorionic gonadotropin (hCG) were from Sigma-Aldrich. Commercially available antibodies were purchased from several sources: the rabbit polyclonal antibody against the extracellular domain of VEcadherin was produced in the laboratory [see Lambeng et al. (18) ], the rat monoclonal antibody to murine VE-cadherin (anti-CD144, 11D.4.1) was from Pharmingen, the monoclonal anti-phosphotyrosine (P-Tyr) antibody (clone 4G10) was purchased at Merck-Millipore, the mouse polyclonal anti-␤-actin was from Sigma-Aldrich, the rabbit polyclonal anti-phospho-Src (Y418) was from Invitrogen, and the rabbit polyclonal anti-c-Src was from Santa Cruz Biotechnology. The rabbit polyclonal phosphopeptide-specific antibody (anti-phosphoY685-VE-cadherin) has been produced by Eurogentec and characterized in this study (Fig. 1) . Enhanced chemiluminescence detection reagents were purchased from Perkin-Elmer (Courtaboeuf, France). The micro-bicinchoninic acid protein assay reagent kit was from Fischer Scientific.
Animals. All procedures were approved by ComEth ethical committee. All protocols in this study were conducted in strict accordance with the French guidelines for the care and use of laboratory animals.
Mutation Y685F of VE-cadherin cytoplasmic domain and recombinant protein production. The DNA sequence coding for the wildtype (WT) VE-cadherin cytoplasmic domain (missing the first 9 amino acids) was inserted into pQE30 (Qiagen), and Y685F mutation was made with the QuickChange kit (Stratagene) according to the manufacturer's protocol. Mutated vector was amplified in DH5␣, and recombinant proteins (wt and Y685F) were produced within BL21-CodonPlus Competent Cells (Stratagene) as described in manufacturer's protocol, using an NH 2-terminal His tag. The protein produced had a molecular mass of 25 kDa in Coomassie blue staining and was recognized by antibodies against His tag or VE-cadherin COOH-terminus domain.
Estrous cycle-stage examination. The different stages of estrus cycle were monitored by daily examination of vaginal smears of postpubertal female mice (at least n ϭ 5 per group) as previously described (5) . Briefly, vaginal secretions (wet smear) were collected in phosphate-buffered saline with fine tip pipets and observed by phase contrast microscopy with ϫ10 or ϫ20 objectives to characterize the different cell types. Mice estrous cycle can be divided into four phases, namely, estrus, proestrus, metestrus, and diestrus, which are defined according to the proportion in three cell types. At proestrus, nucleated epithelial cells are predominant, whereas estrus is distinctively composed of cornified squamous epithelial cells, metestrus is characterized by a mix of the three cell types, and diestrus consists predominantly of leukocytes. In this study we used cycling mice at different estrous stages. At least two consecutive baseline cycles were recorded before experimental manipulation. Mice were injected (intraperitoneally) with peroxovanadate (50 mmol/l in PBS) and deeply anesthetized 5 min later with pentobarbital sodium (50 mg/kg). Ovaries and uterus were collected from mice at different stages of estrus cycle and from mice treated by injection of PMSG and hCG.
The ovaries and uterus were carefully dissected from all the adhering extraneous tissue before freezing for biochemical analyses.
Hormone stimulation. Hormone stimulation was performed as previously described (5) . Briefly, mice were given an intraperitoneal injection of 10 IU of PMSG in 0.75 ml of 0.9% NaCl on day 1, followed by 5 IU of hCG (both from Sigma-Aldrich) in 0.4 ml of 0.9% NaCl, 48 h later. Animals were euthanized 6 h after second injection by cervical dislocation after peroxovanadate administration.
Tissues extractions, immunoprecipitation, and Western blot analysis. Tissues extractions, immunoprecipitation, and Western blot analysis were performed as previously described (5) .
Data analysis. Unless stated elsewhere, Student's t-test was used to assess differences in Western blot band quantity. The results highlighting P values Ͻ 0.05 were considered significantly different. At least three mice per group were used in each set of experiments. The experiments were performed at least three times under identical conditions with similar results.
RESULTS
Anti-pY685 antibody recognizes specifically VE-cadherin phosphorylated at Tyr685. To study VE-cadherin Y685 phosphorylation in vivo, we first developed a rabbit polyclonal anti-phospho-Y685 (anti-pY685). The specificity of the antibody was tested by Western blot analysis using the nonphosphorylated and the phosphorylated synthetic peptide spanning A: Y685 containing peptide (pep685) was subjected to Src phosphorylation assay or not and resolved by Western blotting (WB), pep685, and phospho (p)-pep685 sequences where indicated; only the phosphorylated peptide was recognized with anti-pY685. WB pictures were cropped to remove unnecessary spaces between bands for the figure clarity. B: recombinant VE-cadherin cytoplasmic domain (VE-cyto) carrying or not carrying the Y685F mutation was phosphorylated or not by Src in presence of either pep685 or pep645 containing, respectively, Y685 and Y645 as indicated; anti-pY685 recognized only the nonmutated VE-cyto-wt when phosphorylated in absence of pep685 as a competitor whereas VE-cyto was detectable wherever it was used. WT, wild-type. C: human umbilical vein endothelial cells (HUVECs) were stimulated or not with VEGF, and cell lysates were analyzed with anti-pY685 and anti-VE-cadherin; only pVE-cadherin (125 kDa) of VEGF-treated cells was recognized. D: immunofluorescence of VEGF-treated HUVECs with anti-pY685 and anti-VE-cadherin: pY685 (red) and VE-cadherin (green); scale bars are indicated; results are representative of at least 3 different experiments.
Y685 residue. As shown in Fig. 1A , anti-pY685 antibody recognized the phosphorylated peptide but not the nonphosphorylated one. Using the recombinant VE-cadherin cytoplasmic domain carrying or not carrying Y685F mutation, we demonstrated that only the phosphorylated WT cytoplasmic tail was detectable with the anti-pY685. When Y685 or Y645 peptides were used as competitors in the tyrosine phosphorylation assay, this signal disappeared only with Y685 peptide (Fig. 1B) . The anti-pY685 was then tested for its ability to recognize specifically tyrosine phosphorylated VE-cadherin in human umbilical vein endothelial cells (HUVECs) upon VEGF challenge. The Western blot analysis of cell lysates demonstrated the presence of pY685 VE-cadherin in VEGF-treated HUVECs (Fig. 1C) . The anti-pY685 antibody was next tested in immunofluorescence experiments. As shown in Fig. 1D , anti-pY685 VE-cadherin staining was located at cell junctions and colocalized with VE-cadherin staining in VEGF-treated HUVECs. Altogether, these results demonstrate the specificity of anti-pY685 toward VE-cadherin phosphorylated at Y685.
VE-cadherin tyrosine phosphorylation in vivo in the female reproductive tract. Murine estrous cycle is divided into four phases termed proestrus, estrus, metestrus, and diestrus that can be identified by daily assessment of the relative ratio of nucleated epithelial cells, cornified squamous epithelial cells, and leukocytes present in vaginal smears (Fig. 2, A-C) . The analysis of the status of protein tyrosine phosphorylation throughout mouse estrous cycle showed that numerous proteins including the kinase Src were highly tyrosine phosphorylated at the estrus phase in both uterus and ovary (Fig. 2, D and E) . VE-cadherin tyrosine phosphorylation status in uterus and ovary was then analyzed according to the estrous cycle stage (Fig. 3A) . VE-cadherin was found tyrosine phosphorylated to a low extent at proestrus but strongly increased at estrus and returned to baseline at metestrus and diestrus. Because Src was found activated during estrus cycle and is responsible of VE-cadherin phosphorylation at Y685 residue upon VEGF challenge, we evaluated the phosphorylation of Y685 in vivo throughout mouse estrous cycle using our newly developed anti-pY685. The extent of Y685 phosphorylation followed the same profile than VE-cadherin global phospho-tyrosine status during estrous cycle, suggesting a potent hormonal regulation of this specific tyrosine phosphorylation process (Fig. 3B) . To confirm this hypothesis, C57Bl/6 female mice were hormonally treated with PMSG and hCG to induce female reproduc- tive organ maturation as previously described (5) . Interestingly, pY685-VE-cadherin signal was barely detectable in ovaries and uterus from untreated mice, whereas it was significantly increased in hormone-treated mice (ovary P ϭ 0.03; uterus P ϭ 0.023) (Fig. 3C) . VE-cadherin phosphorylation at Y685 is then hormonally modulated during estrus cycle in female reproductive organs. Ovarian vasculature was also analyzed by immunostaining of VE-cadherin and VE-pY685 status in C57Bl/6 female mice treated or not with PMSG/hCG (Fig. 3, D and E) . Images were collected on ovary cross sections in mice pretreated (Fig. 3D) or not (Fig. 3E) with vanadate. The appearance of VE-pY685 was strongly detected Fig. 3 . Dynamic profile of VE-cadherin phosphorylation at Y685 along with estrous cycle. A: C57BL/6 female mice were euthanized at 1 of the 4 stages of estrous cycle, VE-cadherin was immunoprecipitated (IP) from uterus and ovaries, and its tyrosine phosphorylation status was then determined along with estrous cycle by WB (top) and its relative quantification (bottom); VE-cadherin tyrosine phosphorylation extent was highest at the estrus phase in both organs. B: examination of pTyr in VE-cadherin with antibody specific to pY685 by WB (top) and its relative quantification (bottom); Y685 was phosphorylated in the same manner than the global tyrosine phosphorylation of VE-cadherin. C: C57BL/6 female mice were treated with pregnant mare serum gonadotropin (PMSG)/human chorionic gonadotropin (hCG) to stimulate the ovulation, and the tissue extracts from uterus and ovaries were resolved by WB with anti-pY685 and anti-VE-cadherin (left), VE-cadherin appeared phosphorylated at Y685 in both organs of hormonally stimulated females, quantification of the extent of VE-cadherin phosphorylation at Y685 induced by hormonal stimulation in uterus and ovaries is shown (right). Standard deviations were high because of the variability of pY685 level in nontreated mice. *P Ͻ 0.05, significant difference; n ϭ 4 per group (Mann and Whitney rank test). D and E: C57BL/6 female mice were treated or not with PMSG/hCG in presence (D) or absence (E) of vanadate. Ovarian vasculature features was observed by VE-cadherin (green) and pY685-VE-cadherin immunodetection (red). Scale bar ϭ 220 m. DAPI, 4=,6-diamidino-2-phenylindole. All the results are representative of at least 3 independent experiments. and colocalized with VE-cadherin in PMSG/hCG-treated mice in the presence of tyrosine phosphatases inhibitor, when compared with hormonally untreated mice (Fig. 3D) . Furthermore, the effect of hormone treatment in the absence of vanadate is still detectable but to a lesser extent than in its presence, confirming the basal level of phosphorylation in this specific angiogenic organ (Fig. 3E) . Altogether, these data demonstrate the hormonal regulation of VE-cadherin tyrosine phosphorylation at site Y685 either during physiological estrous cycle or upon PMSG/hCG challenge.
VE-cadherin phosphorylation is associated with ovarian vascular remodeling. Extensive vascular remodeling in developing ovarian follicles occurs at the estrus phase where pY685-VE-cadherin level is high (Fig. 4A) . We analyzed the ovarian vasculature in tissue sections by immunostaining with platelet endothelial cell adhesion molecule-1 and VE-cadherin antibodies at proestrus and metestrus stages to highlight differences in the vasculature before and after VE-cadherin phosphorylation, respectively. We found that peripheral vessels surround follicles at both stages, whereas the blood vessel density was very high in the central zone of corpus luteum only at metestrus stage (Fig. 4B) . As VE-cadherin tyrosine phosphorylation was very high at estrus stage but low at proestrus and metestrus, these data demonstrate that the process is associated with early physiological steps of vascular remodeling taking place at estrus stage.
DISCUSSION
In the present study, we aimed to investigate the occurrence of VE-cadherin tyrosine phosphorylation in vivo in the female reproductive tract (ovary, uterus), as it undergoes physiological continuous and dynamic changes with regular intervals of vascularization and vessel breakdown (14, 22) . Herein, we provide the first evidence for a physiological dynamic profile of VE-cadherin tyrosine phosphorylation processes at site Y685 concomitant with Src activation (Src-pY418) in vivo in ovary and uterus throughout the physiological mouse estrus cycle. The observed correlation between Src activation and the detection of pY685-VE-cadherin strongly suggest the involvement of Src kinase in the physiological modulation of VEcadherin phosphorylation at Y685 in vivo as previously demonstrated in vitro (26) . This phosphorylation level was highest at the estrus stage, the phase just after the ovulation, suggesting a role for this VE-cadherin tyrosine phosphorylation in early postovulatory events including angiogenesis in uterus and ovary. On the basis of the present data, the observed cyclic variations in VE-cadherin tyrosine phosphorylation mainly detected at estrus phase are likely to depend on physiological changes in mice hormonal status as demonstrated by exogenous stimulation by PMSG/hCG. The effect of these hormones on VE-cadherin tyrosine phosphorylation might presumably be due to a combination of simultaneously acting angiogenic signals including VEGF. VEGF is a potent inducer of VE- Fig. 4 . Vascular remodeling taking place after ovulation in the corpus luteum and VE-cadherin tyrosine phosphorylation. A: scheme of the profile of VE-cadherin tyrosine phosphorylation at Y685 (in ordinate axis) throughout estrous cycle (in abscissa) and the concomitant vascular remodeling events occurring in ovarian follicles; the level of VE-cadherin phosphorylation at Y685 was highest at estrus, the stage at which the post ovulatory angiogenesis occurs in the forming corpus luteum. B: ovarian vasculature features at proestrus and metestrus by staining VE-cadherin (green) and platelet endothelial cell adhesion molecule-1 (PECAM; red) and Hoescht (blue). The merge allowed to better visualize the vasculature only in theca folliculi at proestrus (before ovulation) while newly formed blood vessels were penetrating in the corpus luteum at metestrus. Follicles are indicated with white dashed lines (scale bar ϭ 200 m); red frames are magnifications of follicles within ovary sections; black arrowhead indicates thecal blood vessels, black arrow indicates corpus luteum new formed blood vessels. GF, Graphian follicle; CL, corpus luteum. cadherin tyrosine phosphorylation in vitro and was reported as being essential for angiogenesis in corpus luteum (11) . Others confirmed the requirement of VEGF and VEGFR2 for correct angiogenesis in ovary and uterus, emphasizing the importance of VEGF/Flk-1 pathway in ovarian angiogenesis and vascular permeability (10, 13, 29) . Therefore, VE-cadherin tyrosine phosphorylation throughout estrous cycle might be mediated by VEGF in uterus and ovary. Moreover, cycling reproductive hormones have been reported to upregulate VEGF expression in vivo. Indeed, several lines of evidences have demonstrated estrogen effect on the increase in VEGF expression in various contexts (1, 4, 15, 17) . VEGF gene contains two estrogen response elements that can mediate estrogen-induced VEGF expression and uterine vascular permeability (6, 16) . Many studies have reported controversial effects of progesterone on VEGF expression. Nevertheless, angiogenesis and associated vascular permeability are necessary for preparing the uterine endometrium for implantation and successful reproduction (12) . Strikingly, estrogen were reported to reach a peak at proestrus whereas other hormones including follicle-stimulating hormone (FSH), luteinizing hormone or progesterone have their peaks during ovulation, just at the beginning of the estrus phase (3, 23) . Consistent with all these data, we found VEcadherin to get its highest tyrosine phosphorylation state at estrus stage, supporting thereby the idea of an early postovulatory effect of VEGF on endothelial cell activation. Whether steroid hormone can induce VE-cadherin tyrosine phosphorylation in a direct manner or through other angiogenic factors and then be accountable for this along estrous cycle, remain to be investigated. A potential experimental approach to demonstrate the involvement of Src or VEGF in vivo in the observed phosphorylation of VE-cadherin, would be to inhibit their signaling pathway in vivo using specific tyrosine kinase inhibitors. However, in the model of female reproductive tract, cyclical phases are regulated by hormones such as FSH, which was shown to induce a Src family kinase-dependent Granulosa cell differentiation (27) . Thus the use of tyrosine kinase inhibitors during mouse estrus cycle model is then problematic as they might impair FSH action and change the physiological development of the estrous cycle. The cyclic hormonal regulation of VEGF expression lead to a tight regulation of tyrosine phosphorylation processes through a balance between the activities of protein tyrosine kinases and phosphotyrosine phosphatases (PTPases). The pattern of VE-cadherin phosphorylation throughout estrus cycle is consistent with the possibility of a hormonal activation of PTPases that may regulate VEcadherin phosphorylation level at the different stages including metestrus and diestrus phases. Known mammalian cytoplasmic PTPases possess Src homology-2 domains, which allow them to associate with molecules phosphorylated at tyrosine residues. Several PTPs have been shown to associate with components of the VE-cadherin complex, maintaining low levels of tyrosine phosphorylation and thereby promoting endothelial barrier function. VE-cadherin-associated PTPs include PTP-, VE-PTP, PTP1B, and Src homology 2-domain containing tyrosine phosphatase (8) . It will be of great interest in future studies to identify the VE-cadherin-associated phosphatases in vivo to better understand the physiological regulation of these processes throughout the mouse estrus cycle. We recently published that VE-cadherin was tyrosine phosphorylated at site Y685 in human brain tumors (25) . The antibody used in that study was the same as the one described here. Identification of this phosphorylated site in in ovary and uterus in addition to angiogenic tumors such as human glioma, strongly suggests a major role for Y685 phosphorylation in vascular remodeling occurring in tumor and physiological angiogenesis. The high level of tyrosine phosphorylation at site Y685 in tumors suggests that in contrast to ovary and uterus, the regulation by tyrosine phosphatases is missing in tumors because the balance between kinases and phosphatases is largely in favor of tyrosine kinases in cancers. Female reproductive tract is thus a nice model to study the regulation of the balance of phosphorylation of the site Y685 VE-cadherin as it is detected mostly at the estrus phase.
Taken together, these news findings demonstrate VE-cadherin phosphorylation at site Y685 in adult tissues undergoing vascular remodeling and open a new era in studying this process in vivo, as mouse estrous cycle represents a new physiological model for studying VE-cadherin phosphorylation dynamic in vivo.
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